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Connexine mammary gland is fundamental for lactation and requires exquisite cellular
coordination. The gap junction proteins Cx26, Cx32 and Cx30 have been reported in luminal epithelial cells of
the mammary gland while Cx43 is expressed in myoepithelial cells and in the stroma. This project aimed to
determine the role of Cx43 in mammary gland development and function by employing a mouse model
(Gja1Jrt/+) that harbors an autosomal dominant Cx43 mutation, and wild-type (WT) littermates. The highly
phosphorylated species of Cx43, the total gap junction plaque number and gap junctional intercellular
communication were reduced in mammary glands from Gja1Jrt/+ mice, resulting in delayed development of
the ducts. At parturition, Cx43 levels and gap junction plaque numbers were still reduced in Gja1Jrt/+ mice,
yet the morphology of the gland did not differ fromWT mice. Interestingly, while higher than WT levels of β-
casein and WAP were present in the gland of Gja1Jrt/+ mice, oxytocin failed to stimulate milk delivery to the
ducts. Together, these data revealed that decreased levels of Cx43 result in delayed development of the
mammary gland and a full complement of Cx43 is necessary for the expulsion of milk.
© 2008 Elsevier Inc. All rights reserved.IntroductionGap junctions are assembled from a family of proteins termed
connexins (Cxs). Connexins form hexameric hemichannels that dock
with hemichannels from adjoining cells, allowing for the bidirec-
tional passage of ions, metabolites and secondary messengers a
process known as gap junctional intercellular communication (GJIC).
These channels typically cluster together to form gap junction
plaques. GJIC is essential for the regulation of homeostasis and
diverse cellular and tissue functions related to cell specialization,
growth and differentiation (Laird, 2006). Owing mainly to the large
size of the connexin gene family, connexins exhibit complex and
overlapping patterns of expression with most cells expressing more
than one family member.
The mammary gland is a unique organ since the majority of its
development and differentiation occur after birth. The stroma of
mammary gland, also called the fat pad, is mainly composed of
adipocytes, but also contains ﬁbroblasts, endothelial cells, and
hematopoietic cells (Hennighausen and Robinson, 2005). The
parenchyma of the mammary gland, or epithelium, consists of
luminal duct lining cells, luminal milk secretory cells, and contrac-
tile-competent myoepithelial basal cells (Hennighausen and Robin-
son, 2005). Earlier studies using a variety of mouse models revealed
that a rudimental ductal tree is present at birth that consists of aird).
l rights reserved.primary duct and 15–20 branches (Hens and Wysolmerski, 2005).
Under the inﬂuence of hormones and growth factors, most of the
branching and gland development start at puberty. While embryonic
branching seems to be hormone independent, it has been suggested
that estrogen and estrogen receptor-α are required for branching
during puberty (Sternlicht, 2006) while progesterone and its receptor
are necessary for tertiary side-branching. At the onset of pregnancy,
the epithelium proliferates and differentiates in order to form the
milk secreting alveoli (Brisken and Rajaram, 2006). Prior transplant
and in vitro studies, designed to examine the factors that govern the
developing gland, highlighted the need for direct contact and
interactions within the epithelium and the stroma, but also between
stroma cells and epithelial cells to propagate signals generated from
hormonal responses (Cunha, 1994; Cunha and Hom, 1996; Haslam,
1988; Topper and Freeman, 1980). Later, it was determined that local
cross-talk between the developing ducts and the surrounding stroma
cells coordinates the development of the branches (Naylor and
Ormandy, 2002). The need for cellular cross-talk for normal mammary
epithelium development suggests an important role for gap junctional
intercellular communication. However, the role of connexins during
mammary gland morphogenesis during both puberty and pregnancy is
poorly understood.
Gap junctions were originally described between epithelial cells
in the mammary gland of virgin, pregnant and lactating mice (Pitelka
et al., 1973). Since then, only 4 of 20 connexin family members have
been identiﬁed in mouse mammary gland. Cx26, Cx32 and Cx30 are
present in the luminal epithelial cells, while Cx43 is primarily
expressed in myoepithelial cells and ﬁbroblasts of the stroma (El-
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detectable only during pregnancy, lactation or involution (Monaghan
et al., 1994; Pozzi et al., 1995). More recently, others showed
expression of Cx26 and Cx32 at all stages of the development,
including low levels in virgin mice (El-Sabban et al., 2003; Talhouk et
al., 2005). Cx30 was found to be weakly expressed in virgins mice
with the signals increasing gradually to peak at day 15 of pregnancy
before returning to basal expression levels (Talhouk et al., 2005).
Since Cx26, Cx30 and Cx32 are temporally up-regulated during
pregnancy, lactation and/or involution, their implication in mam-
mary gland development and function is likely more important
during these stages. On the another hand, Cx43 is constitutively
expressed at high levels in both the epithelium and the stroma
during all stages of mammary gland development suggesting that
this connexin may have an important role in differentiation and
maturation as well as in gland function during lactation.
Previously, mouse models to investigate the role of Cx43 in
mammary gland development have been limiting. Cx43 knockout
mice die within a few hours after birth due to gross abnormalities in
the heart, rendering study of their mammary gland development
impossible (Reaume et al., 1995). However, a mouse model (Gja1Jrt/+)
of oculodentodigital dysplasia (ODDD), a human disease linked to
Cx43, has provided a new reference model for investigating the role
of Cx43 in mammary gland development (Flenniken et al., 2005).
These mice were generated through an N-ethyl-N-nitrosourea (ENU)
mutagenesis screen resulting in the selection of an autosomal
dominant point mutation within the Gja1 gene which resulted in a
glycine residue at position 60 being substituted for serine in the
Cx43 protein. So far, ODDD has been linked to over 35 known human
Cx43 mutations that are spread throughout the entire coding region
of the gene. Consequently, the aim of this project was to investigate
the role of Cx43 in mammary gland morphogenesis and function by
employing this unique mouse model. Collectively, our studies




Heterozygote mice carrying the Gja1 mutation and bred through a mix
background of C3 and C57BL/6J are referred as Gja1Jrt/+. All mice used were at
generation 2, 3 or 4 of back crossing. Mice at various ages were sacriﬁced using a
combination of CO2 and O2. Right thoracic (denoted as gland #3) and inguinal
(denoted as gland #4) mammary glands were processed for whole mounting, while
left glands were cryo-embedded or stored at −80 °C. For all experiments, unless
speciﬁed, both mammary glands (3 and 4) were used. All experimental procedures
received approval from the local Animal Care Committee at the University of Western
Ontario and were conducted in accordance with the guidelines of the Canadian
Council on Animal Care.
Primary cultures of mammary gland epithelial cells
Adult mice were sacriﬁced using a combination of CO2 and O2 prior to the
removal of the thoracic and inguinal mammary glands. Glands were minced and
digested in 10 ml (per gram of tissue) of a solution containing 0.2% trypsin, 0.2%
collagenase A, 5% fetal calf serum (FCS), 5 µg/ml gentamycin in DMEM/F12 medium
at 37 °C, for 30 min with gentle shaking (100 RPM). After digestion, the cell
suspension was pipette up and down to disrupt undigested tissue fragments prior
to centrifuging for 10 min at 500×g. Approximately, 75% of the supernatant
containing fat and ﬂoating undigested tissue fragments were further dispersed by
pipetting up and down to separate the adipocytes from the epithelium. This cell
suspension was re-centrifuged as before and cell pellets from the 1st and 2nd
centrifugation were combined into the same 4 ml of serum-free DMEM/F12
medium. Next, 40 µl of DNAse (2 U/ml) was added and the cell suspension was
shaken for 5 min at room temperature prior to the addition of 6 ml of serum-free
DMEM/F12 medium and centrifugation at 500×g for 10 min. The supernatant was
discarded and the pellet was resuspended in 10 ml of serum-free DMEM/F12
medium. This cell suspension was centrifuged until 500×g was reached and the
supernatant containing ﬁbroblasts was discarded. The pellet containing primarily
epithelial cells (both luminal and myoepithelial) was resuspended in serum-free
DMEM/F12 medium and this centrifugation process was repeated six times toremove as many ﬁbroblasts as possible. The ﬁnal cell pellet was resuspended in
growth medium (10 ng/ml epidermal growth factor, 10% FCS, 0.1 mg/ml gentamycin,
100 units/mg penicillin and 100 μg/mg streptomycin, 1 μg/ml hydrocortisone, 10 μg/
ml insulin, 20 μg/ml fungin in DMEM/F12 medium) and plated in 25 mm dishes. All
pipettes and tubes used during the procedure were pre-coated with sterile PBS
containing 5% BSA.
Microinjection
Primary cultures of epithelial cells were grown to ~90% conﬂuence prior to
microinjection with 0.5% Lucifer yellow (Molecular Probes). Brieﬂy, one cell within a
group of cells was injected, using a Eppendorf FemtoJet automated pressure
microinjector, with a pulse of dye, and the percentage of cells that passed dye to at
least one neighbor as well as the number of cells that received the dye after 2 min
was counted from images collected on a Leica DM IRE2 inverted epiﬂuorescence
microscope (Richmond Hill, ON). A total of 18–25 cells were microinjected in each
mammary cell culture and three independent cell cultures from different mouse
preparations were employed.
Western blot analysis
Tissues were homogenized in lysis buffer (50 mM Tris–Cl (pH 8.0), 150 mM
NaCl, 0.02% sodium azide, 1% Triton X-100, 1 mM sodium ﬂuoride, 1 mM sodium
vanadate and a cocktail of protease inhibitors; Mini-Complete protease inhibitors,
Roche Applied Science, Mississauga, ON). Protein concentrations were determined
using the bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL). Total
proteins (30–50 μg) samples were separated on SDS-PAGE and transferred onto
nitrocellulose membranes. Membranes were immunoblotted with primary anti-
bodies (rabbit anti-Cx43 (1/5000) and rabbit anti-Cx32 (1/1000), Sigma, Oakville,
ON; rabbit anti-Cx26 (1/500) and mouse anti-Cx30 (1/1000), Zymed Laboratories,
Markham, ON; mouse anti-ERα (1/1000), Abcam, Cambridge, MA; mouse anti-
GAPDH (1/5000), Chemicon; rabbit anti-oxytocin receptor (1/1000) and mouse anti-
ERβ (1/1000), MBL, Woburn, MA). Antibody binding was detected using either the
enhanced chemiluminescence system (Pierce) and quantiﬁed using Quantity One
software (Biorad laboratories, Mississauga, ON) or using the Odyssey Infrared
Imaging System (Li-Cor Biosciences, Lincoln, NE).
Immunocytochemistry and confocal microscopy
Excised mammary glands were embedded in cyomatrix and frozen at −80 °C.
Longitudinal cryosections (5 μm) were ﬁxed in 10% buffered formalin and
immunolabeled with a rabbit anti-Cx43 (1/500) polyclonal antibody (Sigma) or a
mouse anti-keratin14 antibody (1/100) (NeoMarkers, Fremont, CA), followed by a
rabbit-Texas red or mouse-Alexa 633 secondary antibody (1/100) (Jackson Labora-
tories, Bar Harbor, MN). Nuclei were stained with Hoechst. The images were captured
on a Zeiss LSM 510 inverted confocal microscope as previously described (Thomas et
al., 2005). In other cases, cells from primary culture were grown on coverslips, ﬁxed
with 3.7% paraformaldehyde, permeabilized with 0.1% Triton X-100 and labeled as
described above.
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated from the mammary gland using Trizol (Invitrogen,
Burlington, ON). The RNA was reversed transcribed using ImProm-II™ Reverse
Transcription System (Promega, Madison, WI). The cDNA templates (500 ng) were
ampliﬁed for Cx26 (reverse primer: 5′ CGG AAG TTC ATG AAG GGA GAG AT 3′; forward
primer: 5′ GGT CTT TTG GAC TTT CCT GAG CA 3′; 34 cycles), Cx30 (reverse primer: 5′
AAT GTG GCC GAG TTG TGT TA 3′; forward primer: 5′ CCA AGG CCC AGT TGT CAC 3′, 34
cycles), Cx32 (reverse primer: 5′ CCA TAA GTC AGG TGT AAA GGA GC 3′; forward
primer: 5′ AGA TAA GCT GCA GGG ACC ATA GG 3′, 34 cycles), Cx43 (reverse primer: 5′
TAC CAG GCC ACC ACC GGC CCA 3′; forward primer: 5′ GGC ATT TTG GCT GTC GTC AGG
GAA′, 35 cycles), WAP (reverse primer: 5′ GAC ACC GGT ACC ATG CGT TG 3′; forward
primer: 5′ TAG CAG CAG ATT GAA AGC ATT ATG 3′, 23 cycles) and β-casein (reverse: 5′
GTG CTA CTT GCT GCA GAA AGT ACA 3′; forward primer: 5′ ACT ACA TTT ACT GTC TCC
TCT GAG 3′, 23 cycles) using denaturation at 94 °C for 30 s, annealing at 50 °C (Cx26,
Cx30 and Cx32) or 55 °C (Cx43, WAP and β-casein) for 45 s, and elongation at 72 °C for
45 s. The RT-PCR products were separated on 1.2% agarose gel and visualized by
ethidium bromide staining. Signals were standardized by actin ampliﬁcation (reverse
primer: GCC GGG ACA GGC GGC AGG TTA G; forward primer: GGG TGA GGT GAG CAT
GGAGGACG, 28 cycles). Kinetics were performedwith all pairs of primers to insure that
the number of cycles used was in a linear range.
Whole mounting
The right thoracic and inguinal mammary glands were excised, spread on a glass
slides andﬁxed in Carnoy'sﬁxative (100% EtOH, chloroform, glacial acetic acid; 6:3:1) for
4 h at room temperature. Mammary glands were then washed in 70% EtOH for 15 min
and gradually rehydrated in water, before being stained in carmine alum (2% carmine
and 5% aluminum potassium sulfate in water) overnight at room temperature. Tissues
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Fig. 2. Lucifer yellow dye transfer is reduced in mammary epithelial cells obtained from Gja1Jrt/+mice. Primary cultures of epithelial cells were prepared frommammary glands ofWT
and mutant mice. (A) The majority of cells in primary cultures were of myoepithelial origin as assess by immunoﬂuorescent staining for keratin 14 (green) or Cx43 (red). Nuclei were
stained with Hoechst (blue). Keratin 14- and Cx43-negative cells are denoted by the asterisks. (B) Single cells within conﬂuent areas of the cell culture (B, asterisks) were
microinjected with Lucifer yellow dye and the incidence of dye coupling to neighboring cells was determined. (C) The percent of microinjected cells that passed dye to a neighboring
cells was determined ±SEM. (⁎⁎⁎pb0.001). (D) In addition, the number of cells that received dye from the microinjected cell was determined.
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overnight. Mammary glands were kept in methyl salicylate until pictures were taken
with a numeric camera (Cybershot, Sony) or a stereotycal microscope (SteREO Lumar
V12, Zeiss).
Evaluation of mammary gland development
The distance of ductal migrationwas measured from the bottom of the lymph node
to the end of the longest duct on the inguinal gland. In order to compensate for size
difference between mammary glands from WT and mutant mice, the length of the
mammary gland was also measured, from the bottom of the lymph node to the edge of
the fat pad. Distance of ductal extension was expressed as a percentage of the length of
the mammary gland.
In investigator blinded experiments, ﬁve volunteers were asked to evaluate 70
pictures of the thoracic mammary gland and to score the level of gland development
from 1 (poor) to 5 (good). Mammary glands with no or few ducts were considered as
poorly developed (1), while mammary glands showing an extensive network of ducts
throughout the fat pad were given the highest score (5). For each individual picture,
scores from all evaluators were averaged and averaged scores were grouped by age
and genotype.Fig. 1. Cx43 protein levels are lower in the mammary gland from Gja1Jrt/+ mice while other m
WTandmutant mice was collected for analysis. (A)Western blot analysis of Cx43 revealed gre
reduction in the fast migrating species of Cx43 (P0). Quantiﬁcation represents average levels
Representative cryo-sections of mammary gland fromWTandmutant mice (n=6) immunola
panels; red). Nuclei were stained with Hoechst (blue). Punctate structures typical of gap jun
staining was observed in mammary glands from Gja1Jrt/+ mice (white arrows). (C) mRNAwas
levels assessed by semi-quantitative RT-PCR analysis. (D) Cx26, Cx30 and Cx32 protein (I) a
Western blot and semi-quantitative RT-PCR. For theWestern blot in panel D, the samples wer
C and D, each experiment has been repeated at least three times, using 6 different samplesEstradiol levels measurement
Blood samples were collected by intracardiac puncture and allowed to coagulate
overnight at 4 °C. Plasma was collected by centrifugation and stored at −80 °C. On the
day of the assay, samples were puriﬁed by three round of diethyl ether, which was
subsequently evaporated under a gentle stream of nitrogen, at 30 °C. Samples were then
resuspended in EIA buffer (provided in the kit) and estradiol levels were evaluated
using an Estradiol EIA kit from Cayman (Cayman Chemical Company, Ann Arbor, MI).
Estradiol levels in Gja1Jrt/+ mice were expressed as percentage of the wild type in order
to compensate for inter-experiment variation.
Oxytocin-induced milk expulsion assay
Mice were sacriﬁced on parturition day and pups were removed from the dam 1 h
prior to the assay. Abdominal skin was cut and peeled off in order to expose the
mammary gland. PBS or 8 pg/ml–1 mg/ml oxytocin in PBS was applied directly on the
mammary glands for 1 min and then removed. Milk entry into the ducts was monitored
using a numeric camera (Cybershot Sony). Photographs were taken before and after PBS
or oxytocin exposure.ammary connexins remain unchanged. The mammary gland from 4, 6 and 10 week old
atly reduced levels of highly phosphorylated (P) Cx43 in mutant mice with no statistical
of total Cx43, P0 or P relative to GAPDH with variance ±SEM. (⁎pb0.05, ⁎⁎pb0.01). (B)
beled for either keratin 14 (top panels; green, superimposed on a DIC image) or Cx43 (all
ction plaques were identiﬁed at the cell surface in all sections although less abundant
isolated from the mammary gland of WT and mutant mice using Trizol and Cx43 mRNA
nd mRNA (II) levels were evaluated in mammary glands from WT and mutant mice by
e run on the same gel but cropped to remove blank lanes between samples. For panels A,
.
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All experiments were done at least three times with a minimum of 6 different
animals each time, except for the oxytocin assays where both inguinal and thoracic
glands from 8 WT and 6 mutant mice were used. Statistical analysis was done using
Student's t test or ANOVA test and Pb0.05 was considered signiﬁcant. All values are
presented as mean±SEM. All statistics were performed using GraphPad Prism version
4.02 for Windows (GraphPad Software, San Diego CA).Results
Cx43 protein levels are lower in the mammary gland from Gja1Jrt/+ mice
while other mammary connexins remain unchanged
In order to investigate the levels of Cx43 in the developing
mammary gland of Gja1Jrt/+ mice, WT and Gja1Jrt/+ females were
sacriﬁced before puberty (4 weeks), at puberty (6 weeks) and after
puberty (10 weeks), and the mammary gland was subjected to
Western blot analysis. In all groups, Cx43 levels were decreased by at
least 50% in Gja1Jrt/+ females as compared to WT mice (Fig. 1A).
Interestingly, results showed that while there was a constant, but
non-signiﬁcant, 20 to 40% decrease in unphosphorylated Cx43 (P0)
for all groups, levels of highly phosphorylated species (P) were
signiﬁcantly decreased by more than 70% (Fig. 1A). It has previously
been demonstrated that the Cx43-P species are enriched in gap
junction plaques, while the Cx43-P0 species are more routinelyFig. 3. Decreased levels of Cx43 results in smaller mammary glands. The mammary
glands from 4, 6 and 10 week old WT and mutant mice were collected for analysis.
Mutant mice exhibited signiﬁcantly reduced body weight (A) and excised thoracic
(#3) and inguinal (#4) mammary glands from both sides of mutant mice were smaller
(B). When normalized for total body weight, the mammary glands from mutant mice
were smaller (C). Bars represent average weights ±SEM. (⁎⁎⁎pb0.001). For each
group, n≥11.found in intracellular compartments (Laird, 2005). Consistently,
while cryo-sections of the mammary gland from WT animals
revealed punctate Cx43 gap junction plaques in keratin 14-expres-
sing myoepithelial cells, an overall decrease in Cx43 immunolabeling
and fewer plaques were observed in Gja1Jrt/+ mice (Fig. 1B). A notable
increase in Cx43 staining was also observed between 4 and 6 week
old WT mice, which corresponds with the increase in the levels of
the Cx43-P species (Fig. 1A).
In order to assess if the observed decrease in Cx43 protein levels
was due to lower levels of Cx43 transcripts, total mRNA was isolated
and subjected to semi-quantitative RT-PCR. There was no difference
in Cx43 mRNA steady state levels between WT and Gja1Jrt/+ mice (Fig.
1C). There was also no difference in Cx26, Cx30 or Cx32 mRNA or
protein levels in Gja1Jrt/+ mice (Fig. 1D), suggesting that these
connexins are not dysregulated as a consequence of reduced Cx43.
In order to assess if decreased levels of Cx43 protein and gap
junctions plaques result in a change in GJIC, epithelial cells from
adult mammary glands were isolated and cultured. Primary cultures
were found to be composed of mainly epithelial cells (76%
myoepithelial cells based on keratin-14 staining) (Fig. 2A). Similarly
to results found from mammary glands in situ, the Cx43 protein
level, and more specially the P-Cx43 species, was reduced in cells
isolated from Gja1Jrt/+ mice as compared to cells isolated from WT
animals, resulting in less numerous gap junction plaques (data not
shown). In mammary cells isolated from mutant mice, only 27% of
cells microinjected were competent in passing Lucifer yellow to
neighboring cells compared to approximately 83% in control cells
(Figs. 2B and C). Moreover, in ~50% of the control cases, dye spread
to more than one neighboring cell, while less than 10% of the
microinjected cells from Gja1Jrt/+ mice pass dye to more than 1 cell
(Figs. 2B and D). Together, these results suggest that GJIC is
signiﬁcantly reduced in mammary gland epithelial cells isolated
from Gja1Jrt/+ mice.
Decreased levels of Cx43 results in smaller mammary glands
In order to assess the impact of the Cx43 mutant on the mammary
gland development, both body and mammary gland weights were
compared between WT and Gja1Jrt/+ mice. Typically, Gja1Jrt/+ females
were 50% smaller than WT mice (Fig. 3A). When corrected for body
weight, the relative weights of the mammary glands from Gja1Jrt/+
mice were signiﬁcantly less before and after puberty (4 and 10 weeks
old), while there was no difference between WT and Gja1Jrt/+ mice at
puberty (6 weeks old) (Fig. 3C).
Delayed mammary gland development in Gja1Jrt/+ mice
To assess the impact of decreased Cx43 levels in mammary
gland morphogenesis, the structure of the mammary gland was
evaluated by whole mounting. Consistent with normal develop-
ment of the mammary gland, at 4 weeks, ducts and branches from
WT mice were elongated toward the lymph node, and terminal end
buds (TEBs) were numerous (Fig. 4A, left top panel; white arrows).
At 6 weeks, ducts reached the periphery of the fat pad and side
branches were abundant with TEBs present at the edge of the fat
pad (Fig. 4A, left middle panel; white arrows). Finally, at 10 weeks,
the ductal system was well implanted in the fat pad with
numerous side branches with little or no evidence for TEBs (Fig.
4A, bottom left panel). In contrast, in Gja1Jrt/+ mice, no ducts or
TEBs were observed at 4 weeks (Fig. 4A, right top panel). At
6 weeks, elongating ducts were found under or just above the
lymph node with only a few side branches and TEBs (Fig. 4A, right
middle panel). Finally, at 10 weeks, ducts were shorter and less
abundant compared to WT controls (Fig. 4A, right bottom panel). In
order to quantify the apparent delay in mammary gland develop-
ment in mutant mice, the distance of ductal extension from the
Fig. 4. Delayed mammary gland development in Gja1Jrt/+mice. Mammary gland development was evaluated at 4, 6 and 10 weeks inWTand Gja1Jrt/+mice. (A) Representative pictures
of whole mounting for every group, showing the lymph node (LN), ducts (arrow) and terminal end buds (arrowheads). Magniﬁcations=15× and 29×. Bars on the right hand side
represent the extent of ductal extensions from the bottom of the lymph node. (B) Average ductal extensions from lymph nodes expressed as a percentage of the length of the
mammary gland, from the bottom of the node to the edge of the fat pad. Bars represent average distance of migration for each group, ±SEM. (⁎⁎⁎pb0.001). For each group, n≥11. (C)
Evaluation of mammary gland development by ﬁve different volunteers was scored on a scale of 1 (poor) to 5 (excellent). Bars represent average scores for each group, ±SEM.
(⁎⁎⁎pb0.001). b=signiﬁcantly different from a, d=signiﬁcantly different from c.
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in inguinal glands. At 4 weeks, ducts were conﬁned below the area
of the lymph node in WT mice and there was little evidence of any
ductal structures in mutant mice (Fig. 4B). At 6 and 10 weeks,
average distances of ductal extension were found to be 75% and
50% shorter in Gja1Jrt/+ mice, respectively, as compared to WT
littermate controls. Consistently, a blinded evaluation of ductal
development in the thoracic glands revealed that ductal develop-
ment was more advanced in WT than in Gja1Jrt/+ mice (Fig. 4C).
More speciﬁcally, in WT mice, the average blinded evaluation
scores were statistically different between 4 and 6 weeks (Fig. 4),
but not between 6 and 10 weeks (b), suggesting that most of the
development occurs between 4 and 6 weeks (Fig. 4C). In Gja1Jrt/+
mice, however, the ducts were evaluated to be statistically lessdeveloped than ducts from WT mice at all time points evaluated
and furthermore, most of the development seems to take place
between weeks 6 and 10 (Fig. 4C). Together, these results suggest
that mammary gland development is delayed in mutant mice.
Estradiol and estrogen receptor levels were unchanged in Gja1Jrt/+ mice
In order to investigate if the delayed mammary gland develop-
ment observed in Gja1Jrt/+ mice can be link to decreased levels of
estrogen or its receptors (ER), estradiol blood levels and ER protein
levels were measured in mammary glands at 6 and 10 weeks.
There was no difference between WT and mutant mice in ER-alpha
(ERα) and ER-beta (ERβ) protein levels (Fig. 5A) or in estradiol
levels (Fig. 5B).
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other connexins remained unchanged
In order to assess mammary gland development during pregnancy,
WT and Gja1Jrt/+ 10 week old females were mated with WT males and
sacriﬁced at parturition. Similar to virgin mice, there was a signiﬁcant
50% decrease in Cx43 levels in Gja1Jrt/+ mice at parturition as com-
pared to WT mice (Fig. 6A). While P0-Cx43 showed a non-signiﬁcant
30 to 40% decrease, P-Cx43 levels were 70% lower in Gja1Jrt/+mice (Fig.
6A). Lower Cx43 levels correlated with fewer Cx43 gap junction
plaques as demonstrated by immunolabeling (Fig. 6B). There was no
signiﬁcant change in Cx43 mRNA levels (Fig. 6C) or in Cx26, Cx30 and
Cx32 mRNA or protein levels (Fig. 6D).
Gja1Jrt/+ mice have smaller mammary glands at parturition, but gain
more weight during pregnancy while exhibiting similar gland
architecture
To assess if decreased levels of Cx43 affect the normal
development and growth of the mammary gland during pregnancy
in Gja1Jrt/+ mice, we ﬁrst looked at body and mammary gland
weight. Body weight of Gja1Jrt/+ mice was 25% less than WT mice
(Fig. 7A), while the mammary glands were 50% smaller (Fig. 7B),
resulting in a signiﬁcant decrease in relative mammary gland
weight (Fig. 7C). Approximately 50% of the total weight of the
mammary gland was gained during pregnancy when the epithelium
expanded and ﬁlled the stroma, and the alveoli developed (Palmer
et al., 2006). Interestingly, while WT mice showed the expected
doubling in mammary gland weight between virgin and pregnant
10 weeks old mice, mammary glands from Gja1Jrt/+ pregnant mice
were over 3 times heavier than that found in 10 week old virgin
mice (Fig. 7D).
The structure of the mammary gland was assessed by whole
mount analysis at parturition. In WT mice, consistent with normal
development of mammary gland, the fat pad was ﬁlled with alveoli
(Fig. 8, arrowheads), such that the lymph node and ducts could
barely be resolved. The mammary gland from Gja1Jrt/+ mice revealed
a similar architecture at parturition as found in WT mice (Fig. 8).Fig. 5. Estradiol and estrogen receptor levels are unchanged in Gja1Jrt/+ mice. (A)
Estrogen receptor alpha (ERα) and estrogen receptor β (ERβ) protein levels were
evaluated by Western blot. (B) Blood was sampled from 6 and 10 week old mice and
estradiol measured using an enzymatic immunoassay. Bars represent estradiol levels of
each group relative to WT.Gja1Jrt/+ mice contained higher levels of milk proteins in the mammary
gland but exhibited a defect in milk ejection
For both WT and mutant mice, milk was present within the
mammary gland at parturition (data not shown). Western blot
analyses were performed on total protein extracted from the
mammary glands and the expression of two milk protein, WAP and
β-casein, was assessed. BothWAP and β-casein levels were 1.5- and 4-
times higher in Gja1Jrt/+ mice, respectively, as compared to WT mice
(Figs. 9A and B). Semi-quantitative RT-PCR showed that WAP and β-
casein mRNA levels were unchanged (Fig. 9C).
To assess if the lactation defect in Gja1Jrt/+ mice was due to
ineffective contraction of myoepithelial cells, an oxytocin-induced
milk excretion assay was performed. In WT mice, low levels of milk
were detected in ducts prior to the addition of oxytocin (Fig. 10A).
However, when 8 pg/ml or 80 μg/ml of oxytocin was applied to the
mammary gland, ducts were rapidly ﬁlled with milk in a dose
dependent manner (Fig. 10A). In Gja1Jrt/+ mice, low levels of milk were
observed in all mice prior to the oxytocin treatment. However, 8 pg/ml
of oxytocin did not increase the levels of milk contained within the
ducts (Fig.10A). Inmost of themutantmice, even the addition of 1mg/
ml oxytocin did not induce milk to enter the ducts (data not shown).
However, in three cases, non-physiological doses of oxytocin (80 μg/
ml) induced a small increase in the quantity of milk present in the
ducts (Fig. 10A). Finally, Western blot analysis showed that oxytocin
receptor levels were unchanged in Gja1Jrt/+ mice as compared to
control mice (Fig. 10B).
Discussion
Normal development and function of the mammary gland are
mediated by highly coordinated events (Sternlicht, 2006). Here, we
hypothesized that the gap junction protein Cx43 and coordinated
GJIC play an important role in the development and function of the
mammary gland. We chose to assess the importance of Cx43 in
mammary gland using a mouse model (Gja1Jrt/+) that harbors an
autosomal dominant mutant of Cx43 and mimics the human
development disease ODDD. In virgin mutant mice and mice at
parturition, we observed low levels of Cx43 which correlated with a
drastic reduction in gap junctions in the myoepithelial cells of the
epithelium and a signiﬁcant decrease in GJIC. Mammary gland from
virgin mice was typically smaller and exhibited an estradiol-
independent delay in ductal development. At parturition, the
morphology and architecture of the gland did not differ from WT
mice; however, the increased levels of milk proteins and lack of
response to oxytocin suggested that mutant mice were unable to
eject milk due to uncoordinated or inefﬁcient contraction of the
myoepithelial cells. Together, these results demonstrated the
essential role of Cx43 in mammary gland development and
function.
Decreased levels of Cx43 delays mammary gland development in virgin
mice
Unlike most organs, the development and differentiation of the
mammary gland occur after birth, particularly at puberty when
stimulated by ovarian and pituitary hormones (Sternlicht, 2006).
Over the years, the use of genetically altered mice provided insights
into the role of various factors in this process, particularly estrogens
(Howlin et al., 2006; Palmer et al., 2006). It has been shown that
the mammary gland in mice lacking the estrogen receptor (ER) α,
but not the estrogen receptor β, have limited ductal elongation
(Bocchinfuso et al., 2000; Korach et al., 1996), demonstrating the
essential role of ERα in mammary gland development. Our results
demonstrated that low levels of Cx43 result in a mammary gland
developmental delay. One possible mechanism for the observed
Fig. 6. Reduced Cx43 in Gja1Jrt/+ mice at parturition, while other connexins levels remained unchanged. WT and mutant female mice were sampled at parturition. (A) Western blot
analysis of Cx43 revealed reduced total and phosphorylated Cx43 (P) in mutant mice while the remaining P0 species was not statistically reduced. Bars represent average levels
relative to GAPDH signals, ±SEM. (⁎pb0.05, ⁎⁎pb0.01). (B) Representative cryo-sections of mammary gland immunolabeled for keratin 14 (top panels; green) or Cx43 (all panels; red)
were imaged. Nuclei were stained with Hoechst (blue). Punctate structures typical of gap junction plaques were identiﬁed at the cell surface in all sections (white arrows) although
less abundant staining was observed in Gja1Jrt/+ mice. Lu= lumen of alveoli, scale bar=20 μm. (C) mRNA was isolated from the mammary gland using Trizol and Cx43 mRNA levels
were assessed by semi-quantitative RT-PCT analysis. (D) Cx26, Cx30 and Cx32 protein (I) and mRNA (II) levels were evaluated in mammary glands by Western blot and semi-
quantitative RT-PCR, respectively. For A, C and D, each experiment has been repeated at least three times, using 6 different samples.
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we found no difference in ER protein levels or in plasma estradiol
levels between WT and mutant mice. Interestingly, it has been
shown that during pubertal development, the cells that are
proliferating in ducts are not the ones that express the receptors
(Zeps et al., 1998). This suggests that signals from ER-positive cells
cross-talk with adjacent cells and may implicate GJIC. It is therefore
possible that even if there is no change in estradiol or ER levels in
Gja1Jrt/+ mice, compromised GJIC could inhibit estrogen-induced
signaling and proliferation, resulting in abnormal ductal growth.
Thus, the delayed development in mammary gland from Gja1Jrt/+
mice could be linked to inefﬁcient passing of estrogen-linked
signals through gap junctions due to decreased Cx43 levels and
GJIC.
Delayed mammary ductal development has been found to be
linked to a number of factors that extend beyond our ﬁndings in
Cx43 mutant mice. For example, mice lacking the growth hormone
receptor (GHR) have delayed ductal development when assessed in
transplant studies (Gallego et al., 2001). Moreover, epithelium
transplant studies revealed that GHR-null ductal epithelium can
develop fully in a WT fat pad demonstrating that the presence of
GHR in the stroma was necessary for ductal outgrowth and that the
delay was a consequence of aberrant systemic and/or stromalsignals. Similarly, upon reviewing studies performed in the late
seventies and early eighties (Cunha, 1994; Cunha and Hom, 1996;
Haslam, 1988; Topper and Freeman, 1980), transplant models
suggest that close interactions between stroma cells and proliferat-
ing epithelium cells are necessary for normal ductal growth. Since
mice lacking GHR and EGFR revealed delayed ductal development
characteristics like Gja1Jrt/+ mice, an essential role of growth factors
and a full complement of Cx43 are all required for normal gland
development. Thus, together with our ﬁndings, these data suggest
that GJIC and signaling cross-talk within the epithelium and
between the stroma and the epithelium are likely necessary for
proper transduction of signals induced by hormones, and that
decreased levels of Cx43 in Gja1Jrt/+ mice impair this cross-talk.
Importantly, all of these factors appear to only delay mammary
gland development and not arrest the process, as in many cases, the
gland appears to eventually fully develop.
Role of connexins in mammary gland development
In mice, Cx26, Cx30, Cx32 and Cx43 have all been reported to be
expressed in the mammary gland but the functional importance of
each of these connexins in gland development remains poorly
understood. While Cx30 and Cx32 knockout mice exist, there are no
Fig. 7. Gja1Jrt/+ mice have smaller mammary glands at parturition, but gain more weight during pregnancy. The total body weight (A) and combined weight of thoracic (#3) and
inguinal (#4) mammary glands (B) were determined for WT and mutant mice. For direct comparison, the weights of the mammary glands were normalized to total body weight (C).
To evaluate the gain of weight during pregnancy, mammary gland weights were compared between virgin and pregnant 10 week old mice for both groups (D). Bars represent average
weights for each group, ±SEM. (⁎⁎⁎pb0.001). For each group, n=6.
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in these mice (Nelles et al., 1996; Teubner et al., 2003). However,
both mice are fertile and lactate suggesting that these connexins are
not essential for milk production or delivery. On the other hand,
both Cx26 and Cx43 knockout mice die prematurely, rendering
study of their mammary gland impossible (Gabriel et al., 1998;
Reaume et al., 1995). In order to study mammary gland develop-
ment and function, Cx43 heterozygous mice (Cx43+/−) and knock-in
mice where Cx43 was replaced by Cx32, Cx40 or Cx26 have been
generated (Plum et al., 2000; Reaume et al., 1995; Winterhager et
al., 2007). While no lactation defect was observed in either Cx43+/−Fig. 8.Mammary gland structure is similar in WT and Gja1Jrt/+ mice at parturition. Represent
from both mouse populations had similar architecture with a detectable lymph node (LN) an
29×.or Cx40 knock-in mice, pups from Cx26 or Cx32 knock-in mice have
reduced body weight and 50% of the pups died within 3 weeks
after birth, presumably from starvation (Plum et al., 2000;
Winterhager et al., 2007). In Gja1Jrt/+ mice, the lactation defect is
more drastic as most of the pups die within 24 h of birth with no
evidence of milk in their stomachs (unpublished observations).
However, since Cx43 is also present in the uterus, fetal distress due
to potential defective delivery cannot be excluded and may explain
some of the premature deaths. Interestingly, the Gja1Jrt/+ mice
exhibit a more severe mammary gland phenotype than the
relatively normal gland observed in Cx43+/− mice owing in largeative pictures of whole mounted WT and mutant mammary glands revealed that glands
d extensive ducts (arrows) and alveoli (arrowheads) networks. Magniﬁcations=15× and
Fig. 9. Milk protein levels were increased in the mammary glands of Gja1Jrt/+ mice.
Proteins were extracted from the mammary gland of mice at parturition and WAP (A)
and β-casein (B) levels evaluated byWestern blot. Bars represent average levels relative
to GAPDH signals, ±SEM. (⁎pb0.05). WAP and β-casein mRNA levels were evaluated by
semi-quantitative RT-PCR and found to be similar (C). Each experiment was repeated at
least three times, using 6 different samples.
Fig. 10. Mammary glands from Gja1Jrt/+ mice fail to respond to oxytocin but have WT
levels of oxytocin receptor. (A) Mammary glands fromWT or mutant mice were treated
with PBS or PBS containing 8 pg/ml or 80 μg/ml oxytocin and the expulsion of milk into
the ducts was evaluated. n=8 for WT, and n=6 for Gja1Jrt/+ mice. Big black arrows
indicate that the same mammary gland and ﬁeld of view were evaluated. Small
arrowheads indicate accumulation of milk within a duct after oxytocin exposure. Scale
bar=2 mm. (B) Oxytocin receptor protein levels from mammary glands of WT and
mutant mice were evaluated by Western blot analysis. Bars represent averages relative
to GAPDH, ±SEM. Experiment was repeated three times, using 6 different samples.
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below the 50% level seen in Cx43+/− mice. In addition, the
dominant-negative effect of the co-expressed Cx43 mutant in the
Gja1Jrt/+ mice reduces the gap junction plaque forming capacity of
Cx43 and GJIC coupling status to approximately 30% of normal.
Interestingly, we found no evidence for other mammary gland
connexin family members being up-regulated to account for the
reduction in Cx43.
Ejection defects in Gja1Jrt/+ mice
Lactation defects in Gja1Jrt/+ mice could be attributed to impaired
differentiation of the alveoli, inadequate milk production or
secretion, or defective milk transport and ejection (Palmer et al.,
2006). While at parturition mammary glands from Gja1Jrt/+ mice
were proportionally smaller than their WT littermates, there was a
far greater increase in gland weight during pregnancy and the
delayed development observed in virgin mice was overcome as
branching and alveoli formation equaled that observed in WT mice.
These results suggest that the delayed gland development observed
in virgin mice was rescued during pregnancy and Cx43 plays littlerole in alveoli formation. Consistently, milk was properly produced
in Gja1Jrt/+ mice as assessed by the production of WAP and β-casein
(Hennighausen and Robinson, 2005). However, the levels of both
proteins were higher in Gja1Jrt/+ mice while mRNA levels were not
322 I. Plante, D.W. Laird / Developmental Biology 318 (2008) 312–322different, suggesting that the increase in overall gland weight was
due to retention of milk in the gland. In essence, this condition could
be attributed to defective myoepithelial cell function where Cx43 is
most prevalent. In order to test this possibility, we induced
myoepithelial contraction ex vivo by applying oxytocin directly on
the mammary gland. When treated with physiological levels of
oxytocin, milk could readily be observed entering the ductal
network of the gland in WT mice at levels well above baseline in
comparison to mutant mice (Douglas et al., 2002; Jin et al., 2007).
However, the same level of oxytocin had no effect on the mammary
glands of mutant mice and only when oxytocin was used at extreme
levels, could low amounts of milk be observed entering the ductal
network. These results strongly suggest that the existence of only a
low level of Cx43 gap junction plaques impairs the ability of the
myoepithelium to respond to oxytocin and contract. Thus, the lack of
synchronized contractions would likely reduce the ability of the
mutant mice to deliver milk to the pups.
Gja1Jrt/+ mice as a model of human disease
ODDD is a developmental disease linked to autosomal dominant
mutations in the GJA1 gene that encodes Cx43. Given that Cx43 is
expressed in over 35 distinct tissues in the human body (Laird, 2006),
the impact of patients harboring these mutants is pleiomorphic with
clinically detectable disease being found in multiple tissues and
organs. Importantly, the allelic ratio of the Gja1 gene in the Gja1Jrt/+
mouse mimics human ODDD as both wild-type and mutant Cx43
should be transcribed at an equal ratio. The current study provides the
ﬁrst indication that the human ODDD patient cohort may in fact be
deﬁcient in breast feeding. Given the small patient cohort and the fact
that no human study exists to determine if ODDD patients have
difﬁculty in breast feeding, it remains to be determined if ODDD
patients have reduced breast function.
Signiﬁcance
In the present study, we showed that Cx43 gap junctions are
essential for normal mammary gland development and function.
During puberty, low levels of Cx43 result in a smaller mammary gland
and in a delay in mammary gland development. Furthermore, while
reduced Cx43 levels had little effect on gland morphology during
pregnancy, the ejection of milk was defective resulting in milk
accumulation in the mammary gland and premature death of the
pups. Thus, by using this mouse model of human ODDD, we showed
that impaired gap junction function can lead to important mammary
gland defects. Understanding the role of gap junctions and Cx43 in
mammary gland function and development is an important step in
elucidating their role in human diseases including breast cancer.
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